A mammalian two-hybrid system was used to characterize protein-protein interactions between the measles virus nucleoprotein (N) and phosphoprotein (P). Progressive deletions at both the amino-and carboxy-termini of P facilitated the mapping of two distinct domains on P that are important for interaction with N : (i) a domain mapping predominantly within the C-terminal 100 amino acids and (ii) a domain composed of the extreme amino-terminal residues. Using the same two-hybrid assay, we discovered that the P protein interacts strongly with itself. In contrast to the N-P interaction, only a single C-proximal domain of P was essential for P-P interaction.
A mammalian two-hybrid system was used to characterize protein-protein interactions between the measles virus nucleoprotein (N) and phosphoprotein (P) . Progressive deletions at both the amino-and carboxy-termini of P facilitated the mapping of two distinct domains on P that are important for interaction with N : (i) a domain mapping predominantly within the C-terminal 100 amino acids and (ii) a domain composed of the extreme amino-terminal residues. Using the same two-hybrid assay, we discovered that the P protein interacts strongly with itself. In contrast to the N-P interaction, only a single C-proximal domain of P was essential for P-P interaction.
Measles virus is an important human pathogen belonging to the family Paramyxoviridae. The viral genome is a single-stranded, negative-sense RNA that is encapsidated by the viral nucleoprotein (N). The viral phosphoprotein (P) and L polypeptides together compose the RNAdependent RNA polymerase, and both P and L are associated with the nucleocapsid to form the ribonucleoprotein (RNP) core of the virus (Bellini et al., 1985; Blumberg et al., 1988; Horikami & Moyer, 1991; Horikami et al., 1994) . Although the N, P and L proteins are key components of the viral replicative cycle, the functional domains of each protein and the domains that allow for protein-protein interactions among these three polypeptides have yet to be defined completely. A more thorough understanding of the structural and functional domains of these key regulatory proteins of measles virus, and their homologues encoded by other negativestranded RNA viruses, will undoubtedly enhance our knowledge of paramyxovirus replication and pathogenesis. Toward this end, interactions among the N, P and L proteins of Sendai virus (Buchholz et al., 1994; Curran et al., 1994; Homann et al., 1991 ; Ryan & Portner, 1990; Ryan et al., 1991; Smallwood et al., 1994) , vesicular stomatitis virus (Howard & Wertz, 1989; Takacs et al., 1993) , rabies virus (Fu et al., 1994) and measles virus (Horikami et al., 1994; Huber et al., 1991) have been the focus of recent investigations. The COOH-* Author for correspondence. Fax +1 212 722 3634. e-mail PPALESE ~ STMPLINK.MSSM.EDU terminal half of the P protein of measles virus was shown to interact with the N protein and was sufficient for the retention of most of N in the cytoplasm of transfected cells (Huber et al., 1991) . More recently, co-immunoprecipitation analysis was utilized to identify an aminoterminal domain within the measles virus L protein that is essential for binding to P (Horikami et al., 1994) . The P protein of Sendai virus has been analysed extensively to reveal three domains of P (two non-contiguous COOH-terminal domains and the NH2-terminal region) involved in interacting with the soluble and the nucleocapsid forms of the Sendai virus nucleoprotein Ryan & Portner, 1990; Ryan et al., 1991) . Interestingly, the extreme NH~-terminal region of the Sendai virus P protein appears to function as a chaperone for the NP protein of Sendai virus during the assembly and synthesis of genomic RNA (Curran et al., 1995) .
In this report, we have utilized the highly sensitive mammalian two-hybrid system to identify regions of the measles virus P protein that interact with both the N protein and with itself. The mammalian two-hybrid system, described originally by Fields & Song (1989) , represents a powerful approach for the study of protein-protein interactions in vivo. We have adopted such a system based upon Gal4 and VP16 fusion proteins to understand better how the proteins composing the replicative machinery of measles virus (N, P and L) interact with each other. Plasmids encoding either the yeast Gal4 DNA binding domain (145 amino acids), or the VP16 transactivating domain (78 amino acids) fused 0001-3358 © 1995 SGM CAT assay illustrating the specificity of the two-hybrid system. All cell extracts were harvested 48 h post-transfection. The first three lanes (mock WI-38 cells, pUASCAT alone and Gal4/N) represent negative controls. VP16/P alone and Gal4/P alone also yielded no CAT signal (data not shown). Subsequent lanes represent interactions between the indicated fusion proteins. (b) Effect of progressive Cterminal deletions of P on the ability of P to interact with N and (c) effect of progressive C-terminal deletions of P on the ability of P to interact with itself. Relative CAT activity (%) was measured following the interaction between Gal4/N with VP16/P, VP16/PC-50 (Cterminal 50 aa of P deleted), VP16/PC-100 (C-terminal 100 aa deleted), or VPI6/PC-200 (C-terminal 200 aa deleted), and between Gal4/P and VP16/P, VP16/PC-50, VP16/PC-100 or VP16/PC-200. CAT activity was set at 100% for both the wild-type N-P and P-P interactions. For all experiments, transfectlons were performed independently at least twice.
in-frame at the amino terminus of either the measles virus N or P protein were constructed. Following transfection of WI-38 cells with these plasmids along with the p U A S C A T reporter plasmid, CAT activity would be present only if the measles virus fusion proteins were able to interact, and thus reconstitute the Gal4/ VP16 transcriptional transactivator.
To demonstrate the functionality and specificity of this system, plasmids encoding Gal4/N, Gal4/P, VP16/N and VP16/P fusion proteins were transfected into WI-38 cells in various combinations along with p U A S C A T (Fig. 1 a) . Extracts from untransfected cells (mock), cells transfected with p U A S C A T alone, or cells transfected with p U A S C A T and only one of the fusion proteinexpressing constructs did not yield CAT activity (Fig.  1 a; lanes 1, 2 and 3, respectively) . All attempts to achieve a measurable CAT signal (above background) by using various incomplete combinations of plasmids were unsuccessful. However, extracts from cells co-transfected with the G a l 4 / N and VP16/P expression plasmids yielded a strong CAT signal, indicative of a specific interaction between the G a l 4 / N and VP16/P proteins (Fig. l a; lane 5). As expected, the Gal4/VP16 fusion protein itself was able to induce a high level of CAT activity ( Fig. 1 a, lane 4) . To demonstrate further that this signal was genuine, the components of the fusion proteins were interchanged to yield Gal4/P and VP 16/N. Indeed, extracts from cells co-transfected with Gal4/P and VP16/N also yielded a strong CAT signal (Fig. 1 a; lane 6). Lastly, the N -P interaction was shown to be inhibited (approximately 10-fold) by co-transfecting a fourth plasmid encoding either wild-type P (Fig 1 a; compare lanes 5 and 7) or N protein (data not shown). This result suggests that either N or P can compete successfully for the interaction of the two fusion proteins. Moreover, these results demonstrated that a free amino terminus of P or N was not required for these interactions to occur, since fusion of the Gal4 or VP16 domains to the amino-termini of P or N was tolerated.
Since strong interactions between N -P (Figs 1 a and b) and P -P (Fig. 1 c) were observed using the two-hybrid system, the region(s) of the P protein involved in binding to N and to itself could be delineated further. Progressive COOH-terminal deletions of 50 (VP16/PC-50), 100 (VP16/PC-100), or 200 (VP16/PC-200) amino acids were constructed, and these truncated P proteins were assayed for their ability to interact with the wild-type G a l 4 / N fusion protein (Fig. 1 b) . As judged by CAT activity, the G a l 4 / N + V P 1 6 / P C -5 0 interaction was reduced only 2-fold compared to that of the wild-type G a l 4 / N + VP16/P interaction (Fig. 1 b) . However, both G a l 4 / N + V P 1 6 / P C -1 0 0 or G a l 4 / N + V P 1 6 / P C -2 0 0 interactions resulted in approximately a 20-fold decrease in CAT conversion as compared to that of a wild-type amino acids of P were transfected with wild-type Gal4/N or VP16/N. Relative CAT activity (%) is the average of at least two independent transfections. CAT activity was set at 100% for the wild-type reactions of Gal4/N+VP16/P and VPI6/N+Gal4/P. N-P interaction (Fig. l b) . Similar, but not identical results were observed when these same COOH-terminal truncations of VP16/P were assayed for their ability to interact with Gal4/P (Fig. 1 c) . Both VP16/PC-50 and VP 16/PC-100 were able to interact with Gal4/P resulting in only a 2-and 3-fold decrease in CAT conversion, respectively, as compared to that observed following the wild-type Gal4/P + VP16/P interaction (Fig. 1 c) . However, the ability of VP 16/PC-200 to interact with Gal4/P was reduced by 50-fold as judged by CAT activity (Fig.  1 c) . The decreased CAT signal obtained using VP16/PC-200 is most likely to be due to its inability to interact with Gal4/N or Gal4/P and not due to its lack of synthesis or abnormal intracellular localization, since results from Western blot analysis revealed that VP16/PC-200 was synthesized in transfected cells at a level comparable to that of VP16/P (data not shown). Moreover, indirect immunofluorescence was used to detect VP16/PC-200 in transfected cells and the pattern of fluorescence observed for VPI6/PC-200 was indistinguishable from those of VP16/PC-50 and VP16/P (data not shown). Taken together, these results suggest that a domain of P important for an N-P interaction lies predominantly within its C-terminal 100 amino acids, while a dissimilar domain of P important for a P-P interaction appears to lie within the C-terminal half of P. Progressive NH~-terminal deletions of P were engineered to determine whether this region of P was important for interactions with N (Fig. 2) . Surprisingly, a deletion of only 10 amino acids from the extreme NH~ terminus of P reduced the CAT signal dramatically as compared to that observed following a wild-type N-P interaction (Fig. 2 ). An average decrease in CAT conversion of 15-to 20-fold was observed consistently following an interaction between Gal4/N and VP16/ PN-10, VP16/PN-20, VP16/PN-30, VP16/PN-40 or VP16/PN-50 (Fig. 2) . To confirm that this observed decrease in CAT activity following NH2-terminal deletions of P was authentic, several of the aminoterminally truncated P proteins were fused to the Gal4 domain, and the reverse experiment was performed (Fig.  2) . In addition to the wild-type reaction (Gal4/P and VP16/N), Gal4/PN-10, Gal4/PN-50, and Ga14/PN-250 were tested for their ability to interact with VP16/N (Fig.  2) . Indeed, a significant decrease in CAT conversion was observed when Gal4/PN-10, Gal4/PN-50, and Gal4/ PN-250 were each co-transfected with VP16/N (Fig. 2) .
As the NH2-terminal amino acids of P appear to be required for interacting efficiently with N, it was of interest to determine whether the absence of these same amino acids affected the ability of P to interact with itself. The same NH2-terminally truncated VP16/P fusion proteins described above were assayed for their ability to interact with wild-type Gal4/P (Fig. 3) . In sharp contrast to their diminished ability to interact with Gal4/N, VP 16/P proteins with amino-terminal deletions of 10, 20, 30, 40 or 50 amino acids interacted strongly with Gal4/P such that the CAT signal was approximately 2-fold higher than that observed for a wild-type P-P interaction (Fig. 3) . Perhaps most surprising was the i I I i I //--zi:--
Effect of progressive NH2-terminal deletions of P on the ability of P to interact with itself. Amino-terminal deletions of P are identical to those described in Fig. 2 with the addition of Gal4/PN-400 and VP16/PN-400 which have deletions of the amino-terminal 400 amino acids of P. Relative CAT activity is the average of at least two independent transfections. Relative CAT activity was set at 100 % for the wild-type reaction of Gal4/P and VP16/P.
observation that the amino-terminal 250 amino acids of P could be deleted (Ga14/PN-250 and VP16/PN-250) without a decrease in the level of CAT activity (Fig. 3) . However, deletion of the first 400 amino acids of P (Gal4/PN-400 and VP16/PN-400) did abolish CAT activity as expected (Fig. 3) . These results clearly indicate that the amino-terminal half of P is not required for a P-P interaction, and that the domain of P involved in binding to itself appears to lie predominantly between amino acids 25(~407. It should be noted that the highest CAT signal observed for a P-P interaction was obtained using two NH2-terminally deleted P proteins, such as Gal4/PN-10+VP16/PN-50, or VP16/PN-10+Gal4/ PN-50 (data not shown).
The measles virus two-hybrid system described in this report has been used successfully to identify regions of the P protein that are involved in interacting with N and with itself. Similar systems based upon Gal4 and VP16 fusion proteins have been described recently whereby interactive domains of other viral proteins have been identified and mapped (Takacs et al., 1993) . Our data support and extend those of Huber et al. (1991) , who utilized a biochemical approach to show that the Cterminal half of the P protein was important for binding to N. Although the involvement of the C-terminal region of VP16/P in binding to Gal4/N may have been anticipated, the importance of the NH2-terminal region of P in binding to N was unforeseen, since experiments to ascertain the importance of the NHz terminus of P in binding to N or to other measles virus proteins had yet to be performed. Recently, the NH2-terminal regions of P proteins from other negative-sense RNA viruses have been shown to be critical for both protein structure and function (Curran et al., , 1995 Fu et al., 1994) . Indeed, elegant studies by Curran et al. (1994 Curran et al. ( , 1995 have identified two important domains within the amino terminus of the Sendai virus P protein: (i) amino acids 1-77, which play a role in genome replication and (ii) amino acids 33-41, which are necessary for a stable interaction of P with the free NP protein of Sendai virus. Furthermore, these 9 amino acids appear to function as a chaperone for the Sendai virus NP protein during assembly of the nascent RNA genome (Curran et al., 1995) . One possible interpretation of our findings is that the NH 2 terminus of the measles virus P protein is important for interacting with N. However, whether this region of P functions by binding directly to N, or influences binding to N indirectly via protein folding or secondary structure remains to be determined. A second less-likely possibility is that the NH2-terminally truncated P proteins (e.g. VP16/PN-10) interact strongly with themselves, and are thus unable to interact efficiently with Gal4/N resulting in the decreased CAT signal observed (Fig. 2) . However, evidence supportive of a role for the amino terminus of P in interacting with N comes from: (i) the observation that a wild-type N-P interaction consistently yielded a stronger CAT signal than that observed following a wild-type P-P interaction, suggesting that the N-P interaction is more dominant and (ii) a Ga14/PN-250+VP16/PN-250 interaction yielded a CAT signal identical to that of a wild type P-P interaction (Fig. 3 ), yet neither Ga14/PN-250 nor VP16/PN-250 was able to interact efficiently with N ( Fig. 2) suggesting that a domain within the amino terminus of P is important for interacting with N.
One of the intriguing aspects of the P gene of measles virus is that two additional viral genes are known to be encoded from this region of the genome. The measles virus C protein (186 amino acids) arises from an open reading frame that overlaps that of P (Bellini et al., 1985) , whereas the measles virus V protein arises from the P gene via an RNA editing phenomenon (Cattaneo et aL, 1989; Gombart et al., 1992; Horikami & Moyer, 1991; Wardrop & Briedis, 1991) . The NH2-terminal 231 amino acids of V are identical to those of P, whereas the 68 amino acid carboxy-terminal region of V is unique (Wardrop & Briedis, 1991) . It will be of interest to determine whether the V protein can interact with N, P or itself by using the mammalian two-hybrid system. In addition to the mapping of interactive domains of measles virus proteins, other important aspects of these measles virus protein-protein interactions to be addressed include: (i) the involvement of specific amino acids in these interactions, (ii) the role that phosphorylation may play in measles virus protein-protein interactions and (iii) the stoichiometry of these proteinprotein interactions. The ability of measles virus P protein to interact strongly with itself suggests that P may function as a multimer during viral infection. Indeed, the Sendai virus P protein has been implicated in functioning as a homotrimer in RNA synthesis (Garcin et al., 1994) . These questions, and the possibility of incorporating additional measles virus proteins (e.g. L, V, and M) into this two-hybrid system, are currently being addressed.
